The production and use of biofuels such as ethanol have been the target of intensive research. One source of ethanol is corn, which is abundant in many countries. In producing ethanol from corn, an assessment of the environmental impact of the process is needed. This study intends to provide insight into benzene emitted from a proposed biofuel plant, its dispersion behavior, and the effects it may have on the immediate environment. Threeseason (January, April, and June) dispersion results of benzene emissions from the proposed ethanol-producing facility are evaluated by using the CALPUFF modelling system. Within the framework of the CALPro software, ambient benzene concentrations are modelled over a 24-hour period of exposure by considering the impact of pollutant transformation and removal, and meteorological factors such as wind direction and speed, and temperature. Simulations are performed for the plant area located in Farewell, Oshawa, Ontario, based on the emission and meteorological dataset for the year 2013. The modeling domain covers the area of 30 × 30 km 2 with the grid spacing of 150 m. The number of grid lines is taken as 200 for each axis, and the dispersion of benzene emissions is simulated in nine vertical layers of the domain of study. Based on simulated one-hour and 24-hour average benzene concentrations, pollution dispersion results show that the maximum concentrations are recorded as 4.585 and 0.403 µg/m 3 at 17h00 LST on hourly basis and on 24-hour basis, respectively, for the winter season. For the spring season, the highest concentrations are measured as 1.345 and 0.136 µg/m 3 at 21h00 LST for one-hour and 24-hour periods, respectively. For the summer season, the peak benzene concentrations are found to be 1.085 and 0.277 µg/m 3 at 01h00 LST. The results indicate that none of the months exceeds the half-hour limit of 7 µg/m 3 set by Ontario Regulation 419/05, but they surpass the Ontario Regulation 419 Schedule 3 limit of 0.01 µg/m 3 for a 24-hour dispersion period. This information may prove invaluable to further research on the impacts of the ethanolproduction process on the environment.
Introduction
Benzene (C6H6) is an aromatic hydrocarbon, with a sweet aroma; however, it is also a recognized class 1 human carcinogen (Alexopoulos and Bakeas, 2011; Benigni et al., 2013) . Acute exposure to benzene via inhalation can cause symptoms such as dizziness and confusion. At high exposures, the vapour affects neurological pathways. Chronic exposure to benzene can result in anemia, leukopenia, and thrombocytopenia (Ellenhorn et al., 1997) .
The FarmTech Energy Corporation in Canada has proposed an ethanol fuel production plant which converts corn into ethanol and distiller's grain. However, there are a number of pollutants emitted at different stages of the process, such as particulates, volatile organic compounds (VOCs), and oxides of sulfur (SOx) and nitrogen (NOx) . Among the pollutants in the fugitive emissions and flares, benzene was selected for further study based on its low dose-dependent potency (Boobis et al., 2013) and because it is a significant contaminant emitted from the aforementioned plant. There are two readily available benzene concentration regulation references for comparison. The first is the Ontario Regulation 419 Schedule 3 limit of 0.01 μg/m 3 for a 24-hour dispersion period. The other limit is a guideline set by Ontario Regulation 419/05 with a guideline concentration of 7 μg/m 3 for a half-hour dispersion period (Government of Ontario, 2013) . In previous studies, benzene surpassed its allowable 24-hour dispersion limit in AERMOD simulations, reaching a peak concentration point of 0.8 μg/m (800%) (Agriculture and Agri-Food Canada, 2012) .
One useful tool for dispersion modelling is California Puff (CALPUFF), an environment modelling software approved by the US Environmental Protection Agency (Holnicki et al., 2016; Abdul-Wahab et al., 2016; Abdul-Wahab et al., 2015; Abdul-Wahab et al., 2014; Abdul-Wahab et al., 2006) . CALPUFF, a non-steady-state Lagragian Gaussian puff model, was chosen over other modelling software such as 258 ABDUL-WAHAB et al.
AERMOD, the Buoyant Line and Point (BLP) source dispersion model, and the third generation California Line Source Dispersion Model (CALINE3) because, unlike these models, CALPUFF does not use steady state assumptions to model plume trajectories from a point source (The Atmospheric Studies Group, 2013) . Other research papers have used CALPUFF to model the ambient concentrations of benzene from other sources such as vehicle emissions (Cohen et al., 2005) and from a coke plant (Valdenebro et al., 2013 ). In the current study, CALPUFF was used extensively to model the ambient benzene concentrations over a 24-hour period of exposure, whilst taking into consideration the effect of pollutant transformation and removal, and meteorological factors such as wind direction and speed, and temperature. A more detailed comparison of various dispersion softwares including CALPUFF and AERMOD, can be found in Holmes and Morawska (2006) .
It is particularly interesting to examine the pollutant emission concentrations of FarmTech's proposed plant because it will produce renewable energy, an emerging field of study in modern science. This study will also attempt to add to a minuscule database of dispersion information with regards to benzene emissions from an ethanol plant. As FarmTech is consistent a leader in sustainable energy and promotes a concern for the environment, in constructing an ethanol plant, it is imperative that knowledge of possible dispersion trends of benzene is acquired. Such knowledge is important not only to build a better general understanding of the associated health effects of benzene have on people, but also because the proposed plant will be located in an extensively populated area, and will be close to the port and other key industries such as agriculture.
Methodology

Description of the study area
The proposed location of the plant is shown in Figure 1  ( Oshawa's terrain comprises mostly low-lying agricultural lands with a few kilometers of forest ( Figure 2 ). As such, these features facilitate urbanization of the city. The city is a typical industrialized center with its key economic sectors being automotive manufacturing, sustainable energy production, and agriculture (Oshawa's Economic Development Services, 2012).
Process of the facility
The proposed facility's production objectives are, to produce ethanol and dried distiller's grain, a byproduct of ethanol production, from corn. Benzene emissions, however, are associated with the ethanol producing process of the plant. As such, this paper will focus on that process. The facility will introduce measures and infrastructure to reduce emissions from vital points along the process pathways, which are as follows: The dried corn will be received and sent to a mill to be ground into a coarse powder. The powder will then be added to water, and its pH will be raised by liquid ammonia from a separate pressurized storage location. This slurry will then be heated to reduce its viscosity and an enzyme will be added. The slurry will then be moved through a pressurized jet cooler, flash condensed, and sent to liquefaction tanks. At these liquefaction tanks, another enzyme will be added after the slurry is adjusted to its optimal temperature and pH. This resulting mash will then be sent to a fermentation tank, where the yeast will be added. The yeast facilitates the z conversion of the corn sugars to ethanol and carbon dioxide. After the allotted fermentation time passes, the fermented slurry will be sent to a beer well which is a pressurized apparatus responsible for facilitating a continuous feed to the distillation columns. The emitted air from the fermentation process will undergo gas scrubbing by a water-based scrubber to remove vestigial pollutants such as carbon dioxide and VOCs. The fermented slurry, or beer, at this point will contain 10% ethanol by volume along with other unfermented solids and water. This beer will then be sent to the distillation columns, which will separate the ethanol from those solids and the majority of the water in the mixture. The existing stream will contain 95% ethanol by volume, with the other five percent being water. This majority-ethanol mixture will then be sent to a molecular sieve to remove the remaining water, and the resulting pure ethanol will be stored in a fixed roof tank. Gasoline will then be added to this stored ethanol, making it unfit for human consumption. It should be noted that the majority of the benzene emissions from this process will escape as fugitive emissions from the tanks storing the gasoline as well as the loading of the final ethanol product (Stantec Consulting Limited, 2010) . Table  1 shows all the emission sources of C6H6 at the ethanol producing facility. 
2.3.Surface meteorological data
In order to model the meteorological factors, days had to be chosen to represent different seasons so that the hourly readings of temperature (°C), precipitation (mm), relative humidity (%), wind vector direction (°), wind speed (m/s), and pressure (mbar) could be used for the modelling. The dates selected were, therefore, based on the availability of a complete set of data for the surface station and upper station. The surface meteorological data obtained, were taken from the official Government of Canada logs on climate (Government of Canada, 2013) from the closest weather station to the point of interest (POI), Toronto Pearson International Airport. To model winter conditions, surface meteorological data were taken from 09 January 2013 at 00h00 Local Standard Time (LST) to 11 January 2013 at 23h00 LST. The same range of dates and times were chosen for April to model spring and June to model summer. All the data gathered were then put into a specific format so that they were compatible with the SMERGE program, which would produce a SURF.DAT file to then be used with CALMET. A summary of the retrieved data is located in Table 2 . SMERGE is a meteorological preprocessor which processes hourly surface observations from a number of stations in U.S. National Climatic Data Center (NCDC) CD-144 format or NCDC CD-ROM format and reformats the data into a single file with the data sorted by time rather than station. The CD-ROM format contains data in either the Solar and Meteorological Surface Observational Network (SAMSON) format or the Hourly U.S. Weather Observations (HUSWO) format.
CALMET is a meteorological model which includes a diagnostic wind field generator containing objective analysis and parameterized treatments of slope flows, kinematic terrain effects, terrain blocking effects, and a divergence minimization procedure, and a micrometeorological model for overland and overwater boundary layers (Scire et al., 2000) . 
Upper air data
Upper air meteorological data were acquired from the National Oceanic and Atmospheric Administration/Earth System Research Laboratory (NOAA/ESRL) radiosonde website (NOAA, 2013). The radiosonde station was selected based on its geographically similar location and upper air conditions experienced to the above-chosen surface station as well as how near it was to the point of interest (POI). Data were extracted from the yearly reports of upper air data for 2013 using the website's search engine. The data required for the modelling software, were taken on the same days as for the surface station. These days were selected on the basis of having full sets of data available for both 00h00 and 23h00 respectively and were in sets of three: January 9-11, 2013, April 9-11, 2013, and June 9-11, 2013. If for any reason necessary data were not included for the chosen days for either station which was kept as a controlled variable for each month, data for both the surface station and upper station for the days in question were omitted from use and new days corresponding to the winter, spring, and summer seasons were chosen until a fully complementary set of data was achieved for each required set of days. The extracted upper surface meteorological data were then converted into the form necessary for processing by the READ62 processor in CALMET. READ62 is a meteorological preprocessor which extracts and processes upper air wind and temperature data from the standard NCDC TD-6201 data format or the NCDC CD-ROM FSL rawinsonde (a method of upperatmosphere meteorological observation conducted by means of a radiosonde tracked by radar) data format (Scire et al., 2000) . 
Implementation of CALPUFF modelling system
In this study, benzene concentration over a 24-hour period of exposure is simulated by the CALPUFF modelling system, CALPro software (CALPro Plus V6.9.10.25.2007 ). The simulation package consists of a pre-processing (CALMET), a simulation (CALPUFF), and a post-processing package (CALPOST/PRTMET) with their respective graphical user interfaces (Valdenebro et al., 2013) . Before any package is used, a set of commonly shared information must be entered. The information relates to space-time data, such as the time zone, coordinate system, and layer data, so that meteorological information and geophysical information can be used within a standardized frame of reference, regardless of which processor is being used. A summary of the input shared common information is recorded in Table  3 . Prior to running the CALPUFF pre-processors, shared information on the meteorological grid is entered into a common file using the Identify Shared Information module. The information is shared amongst all CALPUFF processors (Table 3 ). The domain of the grid was selected to be 30 × 30 km 2 , where the center of the grid corresponds to the location of the proposed ethanol producing facility. Moreover, the Lambert Conformal Conic projection coordinate system is employed and all coordinates are defined in the North American Datum of 1983. The coordinates (Figure 1 ) for the proposed site are provided through Google Earth, and the the seconds and minutes are converted into degrees by an online converter (Federal Communications Division, 2013) . A Cartesian grid is required for CALMET, one of the pre-processors for CALPro with the reference in the lower left corner. Around the POI, the size of the region of study is set at -30 km for each easting and northing as it sufficiently covers more than one urban/built-up most likely residential area on the land use map.
The CALPUFF modeling system uses a grid system consisting of an array of horizontal grid lines and multiple vertical layers. Two grids (meteorological and computational) must be defined in the CALPUFF model. The meteorological grid defines the extent over which land is used, also winds, and other meteorological variables. The computational grid defines the extent of the concentration calculations (US EPA, 1998). The solution grid consists of many small segments that make up the entire volume of the simulation domain. These segments may be different shapes depending on the geometry of the problem being modeled. In order to obtain a solution that best corresponds to reality, it is necessary to obtain "grid independence", which equates to having enough grids to properly resolve the relevant details of the field (Sohn et al., 2004) . In this study, within the defined area of study, a maximum of 200 gridlines are allowed by CALPro to ensure that the most detailed analysis possible is carried out for individual segments. Grid spacing was required as input into the shared common information, but was easily calculated by using the 30 km in each axis divided by 200 grid lines to get a grid spacing of 150 m. The input of a base time zone is considered to be UTC-05:00 (for Oshawa, Canada) in CALPro.
Since the area of study has a coastline that will affect dispersion, coastline data (gshhs_1.3.zip) had to be individually added to the North America land use data and terrain data typically required to eventually create a GEO.DAT file to be used in CALMET. All the relevant coastline, land use, and terrain data can be found in the Atmospheric Studies Groups (2013). The LU.DAT file for land use was created by using the coastline and land use data together in the CTGPROC.INP. Similarly, the TERREL.DAT file for the terrain can be obtained by using the coastline data and the raw terrain data files with the TERREL.INP pre-processor. Combining the LU.DAT and the TERREL.DAT in the MAKEGEO.INP processor yields a GEO.DAT file, which was used in CALMET with the individual SURF.DAT file and UPPER.DAT file for January, April, and June. This information was used to create three CALMET.DAT files which can be used to show the wind vectors in the terrain maps. In order to model the dispersion, the three CALPUFF.DAT files were created with the three existing CALMET.DAT files using the CALPUFF.INP processor. For a written .LST file in which all the benzene concentrations were logged, CALPOST was used with the CALPUFF data files for January, April, and June. The abovementioned computational procedure for running the CALPUFF modelling system is depicted in Figure 3 . In the CALPUFF modeling system, each of the three programs (CALMET, CALPUFF, and CALPOST) uses a control file of user-selectable options to control the data processing. The following values for miscellaneous dispersion and computational parameters (group 12) were set as follows: EPSSLUG (fractional convergence criterion for numerical SLUG sampling integration) = 1.0e-04, and EPSAREA (fractional convergence criterion for numerical AREA source integration) = 1.0e-06.
CALPUFF is a non-steady-state Lagrangian puff model (i.e., non-steady-state emissions and meteorological conditions). It is a non-steady state puff dispersion model that can simulate the effects of time and space varying meteorological conditions on pollutant transport, transformation, and removal. The model allows two puff sampling functions to be selected (i.e., slug sampling function and integrated puff function). For near field applications, a slug sampling function is used. During less demanding conditions, the integrated puff approached is used. Both functions create uninterrupted plume effects exactly under the proper steady state conditions. Details about the governing equations of the model under various conditions can be found in Scire et al. (2000) .
Results and discussions
Three-season dispersion results for benzene are examined in this paper for a proposed ethanol-producing facility in Oshawa, Ontario. Three dates (January 10, 2013 , April 10, 2013 , and June 10, 2013) are chosen to simulate the external conditions of winter, spring, and summer, respectively. Also, their relevant effects on benzene dispersion is studied. The terrain of the proposed location is low-lying agricultural grade lands; however, the location is close to the coastline (Figures 1 and 2) . Each day is analyzed between the hours of 00h00 to 23h00 LST on an hourly basis and on a 24-hour basis. In order to obtain comparable values with the half-hour standard set by Ontario's Ministry of Environment, the hourly recorded concentrations are converted to a half-hour records using the following equation (Abdul-Wahab et al., 2016) :
(Half-hour concentration)=(One-hour concentration) x (1 h/0.5 h) 0.28 (1)
In January 10, 2013, the single most influential external factor of benzene dispersion was the wind vector. The wind vector influences both the magnitude and direction of the benzene dispersal, by gradually changing from southerly to northerly. The in-depth analysis of the causes of significant dissemination of the benzene is related to the wind vectors (Figure 4) . The wind direction and speed vary over the measured period along, causing a wide dispersion of the pollutant over the domain. Of particular interest are the days with the highest and second highest recorded concentration levels at 17h00 and 19h00 LST ( Figure 5 ). As it is presented in Table 4 , the highest concentration occurred at 17h00 LST at grid coordinates 0.150 km west and 0.450 km north from the POI. The concentration measured at this point is 4.585 µg/m 3 . The second highest (Table 4) .
To represent spring season, pollution dispersion on April 10, 2013, has been examined. The dissemination of benzene vapours from the POI was towards the southwest ( Figure 5) as the wind vectors remained in this general direction throughout the time period examined. The two highest values for the day are recorded at 21h00 and 07h00 LST. These concentrations are 1.345 µg/m 3 and 0.866 µg/m 3 , respectively (Table 5) . They are calculated at grid locations 0.150 km west and 0.450 km north, and at 0.150 km west and 0.150 km north of the POI. It is noted that both locations are expressed as places relative to the study's POI. Referring to the terrain map in Figure 2 , and the wind rose diagram presented in Figure 4 , the reason of uniform teardrop-shaped distribution of the pollutant dispersion graphic is found in Figure 5 . The fairly steady wind speeds, which ranging primarily from 3.3-5.4 m/s, combined with the low-lying terrain and lack of land dispersion factors in a mostly uniform area accounted for this behavior. June 10, 2013 represents the summer season in this study. The wind (speed ranging between 0.5 and 5.4 m/s) mostly originated in the south and west (Figure 4) . The peak concentration for benzene on an hourly basis of analysis was at 01h00 LST when the benzene concentration reached 1.085 µg/m 3 at 0.750 km west and 0.450 km south of the origin (Table 6 ). The corresponding maximum concentration of benzene on a 24-hour average is found to be 0.277 µg/m 3 at a location 0.450 km west and 0.150 km south from the POI (Table 6 ). Further analysis of these particular instances in time reveals that the plume trajectory is towards the southeast, and once again passed over Lake Ontario. Table 7 shows the top 20 (one-hour, half-hour, and 24-hour) modelled concentrations for benzene dispersion. The results indicate none of the months exceed the half-hour limit of 7 µg/m 3 set by Ontario Regulation 419/05; however, all the top 20 concentrations for each modelled month exceed the Ontario Regulation 419 Schedule 3 limit of 0.01 µg/m 3 for a 24-hour dispersion period. These concentrations reach up to 0.242 µg/m 3 (240%), which is significantly higher than the regulatory amount. Although these values are lower than the referenced AERMOD values from the previous emission model (0.8 µg/m 3 ), a direct comparison cannot be drawn because different days could have been modelled; hence, different meteorological attributes could have influenced benzene dispersion. On the other hand, since these are representative months, one can say that the values can compare to some extent; however, even if that is the case, the concentrations of benzene still exceeded the 24-hour limit.
Conclusions
The paper presents three-season dispersion results of benzene emissions from a proposed ethanol-producing facility, based on the CALPUFF modelling system. The ambient benzene concentrations are simulated over a 24-hour period of exposure by taking into consideration the effect of pollutant transformation and removal, and meteorological factors such as wind direction and speed, and temperature. Calculations are carried out in Farewell, Oshawa, Ontario, according to the emission and meteorological dataset for the year 2013. In summary, for each representative month (January, April, and June), there is a distinct correlation present in which wind vectors take precedence over simple diffusion based on benzene concentrations. This correlation likely explains why January had the greatest dispersion of the three selected months its omnidirectional (360 degrees) array of wind vectors lends a probable explanation. Another interesting result was that in April and June, the majority of pollutant dispersion took place over Lake Ontario, thereby not affecting humans as much as in January, when constantly changing wind vectors caused a large dispersion of benzene vapour. These results, coupled with the fact that the majority of the measured data surpassed the guideline limit values set by the government, suggest that emissions from the proposed facility could lead to undesirable effects on humans and plant life 
